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ABSTRACT 23
Synaptic plasticity is considered to underly information processing and memory 24 formation in the brain and stabilization of neurotransmission during plasticity likely 25 includes reorganization of active zones (AZs). 26
Here, we used localization microscopy and hierarchical density-based spatial 27 clustering to probe AZ architecture at the Drosophila melanogaster neuromuscular 28 junction. We observed distinct arrangements of the scaffold protein Bruchpilot (Brp) at 29
AZs of high release probability type Is and low release probability type Ib boutons. Most 30 remarkably, Brp proteins at type Is AZs were arranged more compact than at type Ib 31
AZs. To ascertain whether adaptations of the AZ scaffold also occur in response to 32 short-term demands, we used philanthotoxin (PhTx) to induce acute homeostatic 33 plasticity. PhTx decreased AZ size, the distance between Brp subclusters and the AZ 34 center, leading to compaction of the Brp scaffold. These changes only occurred at type 35
Ib but not type Is AZs which, already compact, did not undergo structural 36 rearrangement. In summary, our data describe a molecular compaction of the AZ 37 scaffold reflecting the functional demands at high release probability synapses and 38 during an acute homeostasic challenge. 39 40
INTRODUCTION 41
Synapses are complex nanomachines responsible for integration and processing of 42 information. Their architecture and function are optimized for fast and reliable 43 performance (Atwood and Karunanithi, 2002; Taschenberger et al., 2002; Neher and 44 Brose, 2018), however, the structural correlate of synaptic plasticity remains elusive. 45
In the mammalian cerebellum, Purkinje cells receive two different glutamatergic inputs 46 to the functional differentiation in release probability and synaptic strength. 63
64
The above described differentiation is essentially mediated by the presynapse and 65 likely involves distinct protein arrangement at presynaptic active zones (AZs). The 66 cytomatrix at the active zone (CAZ) consists of an organized set of proteins (Südhof, 67 2012) . Large α-helical coiled-coil proteins of the ELKS/CAST family are crucial for the 68 regulation of synaptic transmission (Held et al., 2016; Dong et al., 2018) . In Drosophila 69 the ELKS/CAST homolog Bruchpilot (Brp) is essential for synchronous glutamate 70 release and its amount was shown to correlate with release probability and structural 71 synaptic differentiation (Kittel et for clustering of presynaptic calcium channels close to release sites creating a proper 74 concentration in HL-3. PhTx treatment of semi-intact preparations was performed 114 essentially as described previously (Frank et al., 2006) . In brief, larvae were pinned 115 down in calcium-free, ice-cold HL-3 at the anterior and posterior endings, followed by 116 a dorsal incision along the longitudinal axis. Larvae were incubated in 10 µl of 20 µM 117 PhTx in DMSO for 10 minutes at room temperature (22 °C). Following this incubation 118 time, PhTx was replaced by HL-3 and larval preparations were completed, followed by 119 fixation and staining. 120 121
Fixation, staining and immunofluorescence 122
After PhTx treatment and dissection, larvae were fixed with 4 % paraformaldehyde in 123 phosphate buffered saline (PBS) for 10 minutes and blocked for 30 minutes with PBT 124 (PBS containing 0.05 % Triton X-100, Sigma) including 5 % natural goat serum 125
dSTORM (direct stochastic optical reconstruction microscopy) 136
Super-resolution imaging of the specimen was performed essentially as previously 137
reported (Ehmann et al., 2014; Paul et al., 2015) . Preparations were incubated with 138 monoclonal antibody (mAb) Brp Nc82 (1:100, Antibody Registry ID: AB_2314866, 139
Developmental Studies Hybridoma Bank) and secondary antibody goat α-mouse 140 F(ab')2 fragments labelled with Alexa Fluor647 (1:500, A21237, Thermofisher). 141
Boutons were visualized using Alexa Fluor488 conjugated goat α-horseradish-142 peroxidase antibody (α-hrp, 1:250, Jackson Immuno Research Figure 1B) . 175 176
Confocal microscopy 177
For confocal imaging larvae were mounted in PBS and imaged using a commercial 178 Statistical analyses were performed with Sigma Plot 13 (Systat Software). Shapiro-292
Wilk was used to test normality. If data were not normally distributed, we used the non-293 parametric Mann-Whitney rank sum test for statistical analysis and reported data as 294 median (25 th -75 th percentile) unless indicated otherwise (Supplementary Figure 2F ). If 295 data were normally distributed t-test was used and data were reported as mean ± SEM 296 unless indicated otherwise ( Figure 4E 
Code and data availability 306
The authors declare that custom written Python code and all data sets supporting the 307 findings of this work are available from the corresponding authors. 308
RESULTS 309
To analyze the AZ nanostructure in tonic type Ib and phasic type Is boutons (Atwood 
Differences of AZ nanostructure between type Ib and type Is boutons in 329

Drosophila wildtype larvae 330
Our analysis concentrated on the first (most distal) 6 boutons of a string without further 331 selection criteria (Paul et al., 2015) . In accordance to previous work (Ehmann et al., 332 2014), we found that AZ area was smaller in type Is than in type Ib boutons ( we quantified the circularity of Brp spots as the ratio of their Eigenvalues of the 342 covariance matrix (ratio between 0 and 1; 1 indicating a perfect circle taken as 343 indication for viewing an AZ untilted, i.e. from the top, see Material and Methods) and 344 extracted the distributions for both groups. We found that AZ circularity of type Is 345 boutons was smaller than of type Ib boutons ( Figure 1F 4.1 (3.7-4.5) nm and 4.3 (3.9-4.7) nm, p < 0.001) as expected for a higher protein 374 density. We conclude that Brp arrangement in AZs of type Is and Ib neurons differs. 375
To further investigate whether Brp subcluster (sc.) organization is also different in the 376 two motor inputs, we developed custom written Python code using the aforementioned 377 HDBSCAN (Material and Methods). In addition to the determination of individual 378 subclusters, this localization-based analysis allowed us to define a center of mass 379 (c.o.m.) for each AZ as well as for its individual subclusters and therefore measure 380 their specific interspaces ( Figure 2B ). Our analysis revealed that the number of 381 subclusters per AZ was lower in type Is than in type Ib boutons ( Figure 2C , 13 (8-20) 382 and 14 (9-21), p = 0.004) and subcluster size was smaller ( Figure 2D Next, we wanted to investigate whether differences of the AZ scaffold can also occur 405 in response to a short-term functional demand. Thus, we studied the effect of acute Figure 3A ). Next, we measured nearest neighbor distances of all AZ localizations and 439 found a decrease in phtx larvae (Supplementary Figure 3B 
Subgroup analysis of AZ structure in planar view 470
It is arguable that the orientation of individual AZs has to be taken into account while 471 analyzing radial distributions of molecule clusters. Thus, we used the earlier described 472 tool in our analysis algorithm to measure Brp circularity ( Figure 1F ) and extracted the 473 distributions in ctrl and phtx (Supplementary Figure 5 ). As AZ circularity was unaffected 474
by PhTx ( Supplementary Figure 5A however, revealed a significantly smaller AZ area but an increase of Brp localization 500 density following PhTx treatment (Figure 3 ). To gain a better understanding how earlier 501 described changes of AZ structure during acute homeostasis relate to our findings, we 502 performed simulations of confocal spatial resolution applying a Gaussian filter of 150 503 nm SD and 80 nm pixel size to our original dSTORM data ( Figure 4A, B ). 3D bar plots 504 of mean pixel intensity with 80 nm bins of two example AZs in ctrl and phtx illustrate 505 the applied thresholding level of 50 a. u. used for further quantification (Figure 4C , 506 compare Figure 4B Brp localization density in that image in original resolution showed the decrease in AZ 512 area and the increase of Brp localization density that was described for the whole 513 dataset ( Figure 4D We conclude that intensity-based quantification with confocal resolution may lead to 516 inverse results concerning AZ area compared to localization-based analysis. In the 517 next step, we simulated STED resolution in the same images used before for confocal 518 simulation and applied a Gaussian filter of 25 nm SD ( Figure 4F ). AZ area and mean 519 pixel intensity were measured similarly as mentioned above, but with a threshold of 18 520 a. u., and intensity maxima per AZ were detected with a peak finding algorithm in FIJI. To further study the correlation between localization density and the confocally 532 measured AZ area and signal intensity suggested by our simulation, we perfomed 533 sequential confocal-dSTORM imaging of Brp in type Ib boutons ( Figure 5A and B) . 534
Confocal data were analyzed with intensity thresholds of 50, 100 and 150 a. u. to clarify 535 the influence thresholding has on quantification ( Figure 5A ). As expected, higher 536 thresholds improved segmentation of individual Brp spots but at the same time 537 eliminated more signal, whereas a low threshold provided best signal preservation but 538 led to insufficient segmentation. For further quantification 100 a. u. thresholding was 539 used. Figure 5C shows enlarged AZs overlaid in confocal and dSTORM resolution in 540 green, magenta and blue to mark AZ identity. Magenta and blue AZs in Figure 5Ci acute homeostasis has not been imaged so far. Thus, we applied our cluster algorithm 568 to analyze AZs of type Is boutons to clarify potential changes after induction of acute 569 homeostasis ( Figure 6A ). Remarkably, AZ area, Brp localization numbers and Brp 570 density remained unchanged following PhTx treatment ( Figure 6B-D) . In addition, 571 subcluster analysis as performed before revealed that PhTx treatment did not change 572 the nanoarrangement of Brp within subclusters during acute homeostasis ( Figure 6E -573 H). We conclude that the restriction of presynaptic plasticity to Ib neuron terminals in 574 chronic homeostasis also holds true for structural rearrangements at the AZ for PhTx 575 induced acute homeostasis. 576
DISCUSSION 577
Our localization microscopy data show that the molecular AZ scaffold is compacted at 578 stronger high release probability synapses and rearranged during an acute 579 homeostatic challenge. Brp subclusters are rapidly reorganized during strengthening. and have higher Brp concentrations than tonic type Ib boutons. Furthermore, our study 595 confirms that Brp is distributed heterogeneously within the AZ and provides evidence 596 that subcluster organization differs substantially between the motor inputs. At high 597 release probability type Is boutons, subclustes are smaller, contain higher Brp 598 concentrations and are located closer to the AZ center. We hypothesize that this 599 compacted nanoarchitecture reflects a high release probability AZ state for positioning 600 of synaptic vesicles closer to release sites. 601
602
Differences between homeostatic responses of type Ib and type Is boutons have been 603 described in a model of chronic homeostasis (Newman et al., 2017; Li et al., 2018) . 604
We investigated the effects of acute homeostasis and found that structural 605 rearrangements exclusively take place at type Ib AZs (Figures 3 and 6 ). This either 606 favors the hypothesis that acute homeostatic plasticity is accomplished by distinct 607 molecular mechanisms or, in line with the aforementioned findings, is restricted to type 608 Ib terminals. Wentzel et al., 2018 demonstrated that synaptic vesicles recruited from 609 vesicle pools during acute homeostatic plasticity are highly sensitive to EGTA. 610
Differences in coupling distance between the two motor inputs are conceivable, since 611 type Is boutons exhibit higher release probabilities and less short-term facilitation. 612
Hence, reduction of the distance between Brp subclusters and the AZ center 613 (containing the highest density of presynaptic voltage-gated calcium channels, 614
VGCCs) in type Is boutons would not lead to further increase in synaptic release. In 615 contrast, more loosely coupled type Ib boutons could profit from further approximation 616 of Brp to VGCCs, observed in localization microscopy as a decrease in radial distance 617 ( Figure 3J, Supplementary Figure 5C ). Previous work showed a proximo-distal 618 gradient in release probability along type Ib bouton chains (Peled and Isacoff, 2011) . 619
To investigate whether this gradient influences the ability of an AZ to undergo 620 homeostatic plasticity, we analyzed the effect of PhTx in type Ib boutons along the 621 string (Paul et al., 2015) . Interestingly, PhTx increased Brp density regardless of the 622 bouton position ( Figure 3E ) indicating that release probability variation along the 623 bouton string is not limiting for AZ compaction during homeostasis. 624 625
Compaction of the AZ scaffold without recruitment of Brp molecules 626
Confocal microscopy revealed an increase in Brp area and intensity after PhTx 627 treatment, interpreted as more Brp molecules (Weyhersmüller et al., 2011; Goel et al., 628 2017 ). However, our localization microscopy data provide no evidence for Brp 629 recruitment to the AZ. We suggest that PhTx stimulation leads to an increased Brp 630 density in the AZ and within its subclusters (Figure 3, Supplementary Figure 4 ). We 631 suggest that AZ compaction is a plasticity pattern to enhance synaptic function and 632 that the increased Brp intensity in confocal microscopy corresponds to the increased 633 protein density due to compaction of the AZ scaffold (Figures 4 and 5) . To our 634 knowledge there are no correlative data between confocal microscopy and localization 635 microscopy of AZs available so far. We performed correlative confocal-dSTORM 636 microscopy and provide evidence that a higher protein density in dSTORM translates 637 into an apparent area increase in confocal ( Figure 5F ). Analysis of confocal data was 638 performed using a conventional thresholding approach (Schmid et al., 2008; 639 Weyhersmüller et al., 2011; Goel et al., 2017) . This quantification of the spatial extent 640 of fluorescence signal depends on its intensity. Large structures with low intensity can 641 appear smaller than smaller structures with higher intensity ( Figures 4D, E and 5C, F) . 642
In contrast, in localization microscopy the photon count of the integrated single-643 molecule signal is used as selection criterion independent of the pixel size of the 644 reconstructed image (Heilemann et al., 2008) . Every fluorophore with an intensity over 645 the threshold is treated equally. To emphasize this technical strength, in this study we 646 left pixel-based quantification and established algorithms working only with the 647 localization coordinates. In combination with HDBSCAN tuned to find stable clusters 648 in data with varying density, we propose an optimized method for analysis of the spatial 649 extent of fluorescence signal. The first super-resolution data on the effects of 650 homeostatic plasticity using STED microscopy reported an increased AZ area in 651
GluRIIA mutants (Weyhersmüller et al., 2011) . Our data reveal a more compact Brp 652 scaffold in response to PhTx stimulation. Simulations and correlative confocal-653 dSTORM microscopy show that Brp compaction results in an apparent increase of AZ 654 size and numbers of Brp modules as described by Böhme et al., 2019. Furthermore, 655 protein density might also have an impact on the differential regulation of calcium 656 channels at single AZs (Gratz et al., 2019) . In addition, it appears that chronic and 657 acute homeostasis display different AZ states with respect to structural adaptation 658 aiming at stabilization of neurotransmission. To this end, chronical challenging of the 659 release machinery can plausibly lead to AZ growth, whereas stabilization during 660 minutes may happen by compaction of already available molecules without protein 661 translation (Frank et al., 2006) . how amount and arrangement of certain presynaptic proteins are adapted (Nusser, 681 2018) . RIM clusters with diameters of ~80 nm were described in hippocampal neurons 682 and show remarkable reorganization during synaptic plasticity (Tang et al., 2016) . We 683 believe that at the Drosophila AZ Brp subclusters are important functional units 684 likewise. Considering the size of an individual subcluster (1.6 x 10 -3 µm 2 , Figure 2D , 685 3G) corresponding to a circle with ~50 nm diameter, dSTORM localization precision is 686 not limiting ( Supplementary Figure 1) . However, due to the size of the primary-687 secondary antibody complex estimated to be around 13 nm (Ehmann et al., 2014) , prominent which is probably due to resolution (more prominent rings appearing at the 699 center of the images in Fig. 4F ). In addition, only a fraction of AZs has a circular shape 700 (Supplementary Figure 5A) , thus, the ring configuration is not a property of all AZs. 701
702
As the structure of Drosophila AZs is highly diverse ( Figures 1C and 3B) we aimed for 703 an unbiased way of data selection to prevent subjective bias and to represent the 704 heterogeneous population with respect to projection artifacts and orientation (Pauli et 705 al., 2019) . Furthermore, the here presented algorithm allowed fast and automated 706 analysis of the whole data set or of a subsample of AZs (Supplementary Figure 5) . The 707 density-based clustering approach detects clusters in data with varying density. 
